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We present an ab initio investigation on the ground state interaction potentials potential energy
surface PES between helium and the group 11 metal atoms: copper, silver, and gold. To the best
of our knowledge, there are no previous theoretical PESs proposed for Cu–He and Au–He, and a
single one for Ag–He Z. J. Jakubek and M. Takami, Chem. Phys. Lett. 265, 653 1997, computed
about 10 years ago at MP2 level and significantly improved by our study. To reach a high degree of
accuracy in the determination of the three M –He potentials M =Cu,Ag,Au, we performed
extensive series of test computations to establish the appropriate basis set, the theoretical method,
and the computational scheme for these systems. For each M –He dimer we computed the PES at
the CCSDT level of theory, starting from the reference unrestricted Hartree–Fock wave function.
We described the inner shells with relativistic small core pseudopotentials, and we adopted high
quality basis sets for the valence electrons. We also performed CCSDT computations in a limited set
of M –He internuclear distances, adopting a medium-sized basis set, such as to define for each dimer
a CCSDT to CCSDT correction term and to improve further the quality of the CCSDT
interaction potentials. The Cu–He complex has minimum interaction energy Emin of
−28.4 hartree at the internuclear distance of 4.59 Å Rmin, and the short-range repulsive wall
starts at 4.04 Å RE=0. Quite interestingly, the PES of Ag–He is more attractive Emin
=−33.8 hartree but presents nearly the same Rmin and RE=0 values, 4.60 and 4.04 Å, respectively.
The interaction potential for Au–He is markedly deeper and shifted at shorter distances as compared
to the lighter complexes, with Emin=−69.6 hartree, Rmin=4.09 Å and RE=0=3.60 Å. As a first
insight in the structure of M –Hen aggregates, we determined the rovibrational structure of the three
M –He dimers. The Cu–He and Ag–He potentials support just few rotational excitations, while the
Au–He PES admits also a bound vibrational excitation. © 2008 American Institute of Physics.
DOI: 10.1063/1.3020706
I. INTRODUCTION
Helium is the only element that can be prepared in the
fourth state of matter, the superfluid state. Helium nanodrop-
lets, containing 103–104 atoms, represent an extremely cold
and gentle environment for guest impurities M. In fact, the
ground state interactions between helium and any neutral
chemical species are very weak, and hence the solvation pro-
cess affects only slightly the electronic structure of the guest
atom or molecular system.1
Apart from the intrinsic interest in the comprehension of
the dynamical processes occurring in M –Hen aggregates, the
very peculiar properties of these systems represent an invalu-
able resource to conduct ultracold experiments with a high
degree of accuracy, especially in the field of spectroscopy.
The state of the art techniques permit the detection of very
subtle effects such as, for example, the small changes in the
rovibrational structure of the host impurity induced by the
surrounding superfluid medium. This has formed the basis
for the spectacular He spectroscopic studies of Callegari
et al.2 and Choi et al.3 Concerning the theoretical modeling
of such phenomena, Szalewicz4 recently pointed out that the
determination of very precise M –He interaction potentials
potential energy surface PES is a fundamental prerequi-
site for the simulations to be reliable, and to compare favor-
ably with experiments. The case of the rovibrational spec-
trum of the OCS molecule in selected small helium
aggregates is exemplary and proves how helpful the inter-
play between theory and experiments can be in pointing out
the limits in both fields, in stimulating improvements, and in
reaching a comprehensive understanding of the underlying
dynamical processes.5–8
The picture becomes even more complex in the studies
on the electronic structure of M –Hen aggregates. In fact,
during the electronic excitation and relaxation processes the
system experiences very sudden changes in the interaction
potential because the radial and the angular distributions of
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the repulsive walls and of the attractive wells of the PES
might change dramatically from one electronic state to an-
other. The main consequence is that quite often the electronic
emission and absorption spectra of an isolated moiety change
significantly after solvation by helium. The interpretation of
the experimental data is subject to the knowledge of several
excited state potentials and of quite complex phenomena,
such as the formation of exciplets. Concerning the theoretical
simulations, the vertical electronic transitions can be simu-
lated reliably only when the structure of the M –Hen aggre-
gate in its initial state i.e., the distribution in phase space of
the nuclear wave function has been characterized accurately,
which reinforces the need for accurate ground state poten-
tials. The studies conducted on quite simple systems, such as
a single silver9–14 or magnesium15–17 atom dispersed in su-
perfluid helium, are well representative of such difficulties.
In this article we present a detailed ab initio investiga-
tion on the ground state interaction potentials between he-
lium and the group 11 metal atoms: copper, silver, and gold.
This study is intended as the first step toward the theoretical
modeling of the dynamics of small metal clusters in helium
nanodroplets, which present many aspects of great interest.
In fact, the unambiguous interpretation of spectroscopic data
would be of great help in understanding the mechanisms
underlying the formation of small metal clusters, the appear-
ance of the metallic properties as their size increases, and the
interplay between the metal atoms and the superfluid me-
dium. Although these phenomena attracted growing experi-
mental efforts in recent years, there are no studies devoted to
Cu and Au atoms or clusters in superfluid helium, while the
Agx–Hen aggregates are among the most studied
systems.10,12,18–27 The investigations conducted on silver ag-
gregates in superfluid helium in the past decade cover a wide
variety of structures, ranging from a single Ag atom,10,12,20,27
to very small Agx clusters x10,19,21–23 up to very com-
plex aggregates containing thousands of atoms.18,24–26
As concerns the theoretical investigations on Mx–Hen
M =Cu,Ag,Au, to the best of our knowledge, there are just
four studies on Ag–Hen available in literature, and none on
Cu–He and Au–He. The studies on Ag–Hen date back to
1996 Ref. 10 and 1997 Ref. 11 and report ab initio com-
putations on the interaction potential for the Ag–He dimer in
the ground and in various excited states. These PESs have
then been used to simulate electronic transition processes in
Ag–Hen systems.
11,13,14 Based on the results presented here,
we believe that the accuracy of the ground state PES origi-
nally proposed for Ag–He is now largely improved, and the
same should be done for the excited states before performing
further theoretical simulations of complex dynamical pro-
cesses. As for Cu–He and Au–He dimers, we present here the
first systematic ab initio study on these systems and deter-
mine for the first time an analytical expression for their
ground state interaction potentials.
This article is organized as follows. Sections II A and
II B contain a survey of the ab initio test computations that
we carried out to define an appropriate computational
scheme for M –He complexes M =Cu,Ag,Au. Section II C
reports on the determination of a set of high quality interac-
tion energies for these systems and on the definition of the
analytical two-body PES for their electronic ground states.
The main features of the interaction potentials are presented
in Sec. III A and compared to literature results, and the rovi-
brational structures of M –He dimers M =Cu,Ag,Au are
discussed in Sec. III B. Conclusions and perspectives are
presented in Sec. IV.
II. COMPUTATIONAL DETAILS
To reach a high degree of accuracy in the determination
of the potential energy surfaces for the M –He complexes
M =Cu,Ag,Au in their electronic ground states, we con-
ducted two extensive series of test computations, focused on
the definition of the appropriate theoretical method and the
basis set. In the first tests we selected one medium-sized
basis set, and for every M –He dimer we evaluated the per-
formance of various theoretical methods and computational
approaches. In all computations the metal atoms have been
described with the relativistic small core pseudopotentials
PPs proposed by Figgen et al.28 These PP include the 10
inner electrons for copper, 28 for silver, and 60 for gold.
Every metal atom is therefore left the 19 outer electrons,
corresponding to the following scheme for the electronic
structure: Ne-PP 3s23p63d104s1 for copper, Ar3d10-PP
4s24p64d105s1 for silver, and Kr4d104f14-PP
5s25p65d106s1 for gold. We included in correlated calcula-
tions the two 1s2 electrons of helium, plus one among three
different sets of active electrons for the metal atoms: W1, 19
active electrons on the metal n−1s2n−1p6n−1d10ns1
with n=4, 5, and 6 for Cu, Ag, and Au, respectively; W2,
17 active electrons n−1p6n−1d10ns1; and W5, 11 active
electrons n−1d10ns1. The reference wave function for all
computations comes from PP unrestricted Hartree–Fock
UHF calculations. The correlation contributions have been
determined using the Møller–Plesset MP and the coupled-
cluster CC methods at various degrees of accuracy. The
MP2 and MP4 results have been obtained with the GAMESS
code.29 The interaction energies at the various CC levels
singles and doubles, CCSD;30,31 singles and doubles with a
perturbative triples correction, CCSDT;32 singles, doubles
and triples, CCSDT33,34 have been determined using
GAUSSIAN-03 Ref. 35 and ACES-II.36
In the second series of tests we selected just one compu-
tational approach MP4, W2 set of active electrons, and we
evaluated the performance of several combinations of basis
sets having different nature and size. First we focused on
Ag–He, and we determined the role of diffuse Gaussian
functions centered on the helium and the silver atom and of
the bond functions placed along the Ag–He internuclear axis.
Then we tested the complete aug-cc-pVnZ-PP n=2–5 se-
ries for Cu, Ag, and Au atoms,37 and both the aug-cc-pVnZ
and the d-aug-cc-pVnZ n=2–5 series for He,38 plus a set
of bond functions placed at midway along the M –He inter-
nuclear axis. As will emerge from the discussion below, the
data analysis of the overall tests series gives clear indications
on the proper combination of the theoretical method and ba-
sis sets required to compute very accurate potentials.
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A. Methods
We collected in Table I some properties of the interac-
tion potentials for Cu–He, Ag–He, and Au–He computed
with several theoretical methods and computational schemes,
and a graphical landscape of these results is reported in Fig.
1. In all cases we adopted the aug-cc-pVDZ basis set for the
metal atom and for helium, plus the 3s3p2d set of bond
functions originally proposed by Tao et al.,39 located at mid-
way along the M –He internuclear axis. We always adopted
the counterpoise scheme to correct the interaction energies
for basis set superposition error BSSE.
Let us start with the analysis of the correlation contribu-
tion to the interaction energy Eint coming from the elec-
trons belonging to the metal atoms. As can be seen in Fig. 1,
in all M –He systems the UHF interaction energy curve is
entirely repulsive, and hence the attractive well of the poten-
tial is entirely due to correlation effects. At long range i.e.,
in the attractive region of the PES, all the electrons of the
metal atoms included in Møller–Plesset and CC computa-
tions give an attractive contribution to the interaction, and
hence the PES become more and more attractive as we com-
pare W1 to W2 and to W5 curves. Accordingly, the potential
well shifts toward shorter distances. For any given M –He
complex and theoretical method MP4, CCSDT, and
CCSDT, W1 and W2 results are very close to each other,
while W5 ones are markedly different. Quantitatively, the
estimate of the well depth Emin changes by about
1 hartree as we compare W1 and W2 data, while from W2
to W5 we observe much larger variations, reaching
2–5 hartree at the CCSDT level of theory and
10–20 hartree for MP4 results. The only exception is ob-
served for MP4 calculations on the Cu–He dimer, where the
TABLE I. Properties of the ground state interaction potentials of M –He M =Cu,Ag,Au computed with
different theoretical methods. In all the computations we adopted the aug-cc-pVDZ basis set for all atoms, plus
the 3s3p2d set of bond functions; the counterpoise scheme has been used to correct the interaction energy data
for BSSE; energies in hartree; distances in Å.
Method Active electronsa Emin b Rmin c RE=0 d ER=3.00 e
Ag–He
MP2 W5 −32.9 4.60 4.06 1502
MP2 W2 −44.9 4.48 3.91 1428
MP2 W1 −45.8 4.49 3.92 1440
MP4 W5 −32.3 4.68 4.09 1482
MP4 W2 −44.2 4.52 3.94 1403
MP4 W1 −46.0 4.52 3.94 1413
CCSDT W5 −23.0 4.87 4.23 1496
CCSDT W2 −26.3 4.78 4.12 1442
CCSDT W1 −27.5 4.75 4.12 1452
CCSDT W5 −23.2 4.92 4.22 1489
CCSDT W1 −28.5 4.73 4.14 1441
Cu–He
MP2 W1 −34.0 4.53 3.97 1203
MP4 W5 −47.5 4.41 3.84 1086
MP4 W2 −74.1 4.18 3.65 973
MP4 W1 −84.1 4.12 3.63 988
CCSDT W5 −19.9 4.85 4.28 1231
CCSDT W2 −21.7 4.82 4.21 1200
CCSDT W1 −23.0 4.77 4.17 1218
CCSDT W1 −25.1 4.72 4.13 1199
Au–He
MP2 W1 −83.1 4.06 3.57 926
MP4 W5 −60.6 4.15 3.67 1006
MP4 W2 −74.5 4.01 3.60 945
MP4 W1 −75.1 4.03 3.61 950
CCSDT W5 −49.6 4.24 3.72 1041
CCSDT W2 −55.4 4.19 3.70 1004
CCSDT W1 −56.1 4.20 3.70 1009
CCSDT W1 −57.9 4.19 3.73 998
aElectrons included in correlation calculations, see text for details.
bMinimum interaction energy estimated by square polynomial interpolation of the three points with lower—i.e.
large and negative—interaction energy.
cInternuclear distance at the minimum interaction energy.
dInternuclear distance where the interaction energy equals zero, estimated by square polynomial interpolation of
the three points with smaller—i.e. closer to zero in absolute value—interaction energy.
eInteraction energy at the internuclear distance of 3.00 Å.
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W1 to W2 difference in Emin is about ten times larger than in
the other cases. However, also in this system the W2 to W5
variation is much larger than the W1 to W2 one 27 and
13 hartree, respectively. Concerning the distribution of
the interaction potentials along the M –He internuclear dis-
tance, the estimates of Rmin and RE=0 determined at W1 and
W2 levels are nearly identical, while the W5 predictions are
larger by about 0.10 Å. These variations are consistent with
the differences registered for the interaction energies. In con-
clusion, the attractive part of the interaction potential of all
dimers is properly described when the correlation includes
the W2 set of electrons, i.e., the outermost s, p, and d shells
of the metal atom, along with the 1s2 electrons of He.
In this test series we also sampled the repulsive wall of
the potentials at the M –He internuclear distance of 3.00 Å.
Whatever the theoretical approach the W1 and W2 results are
very close to each other see Table I, with differences lim-
ited to 10–20 hartree to be compared with interaction en-
ergies of about 103 hartree. The W1 to W5 difference pre-
sents a wide range of values depending on the M –He
complex and on the theoretical method adopted. However,
the values are always much larger than the corresponding
W1 to W2 ones, and in some cases reach nearly
102 hartree, which represents about 10% of the interaction
energy. Interestingly, in the repulsive wall the correlation
contributions of the electrons of the metal atom are not al-
ways attractive. In fact, in all systems and methods consid-
ered, at 3.00 Å the W2 interaction energy is lower i.e., less
repulsive than the W1 one, and hence the overall correlation
contribution to the interaction energy of the n−1s2 shell
with n=4, 5, and 6 for Cu, Ag, and Au, respectively
changes in sign, from attractive to repulsive, as the He atom
approaches the metal.
As concerns the performance of the theoretical methods
tested Møller–Plesset and CC, the data in Table I contradict
the feature registered in many theoretical studies on weakly
bound complexes, where the MP4 PES is very close to and
less attractive than the CCSDT one.40,41 In the Cu–He, Ag–
He, and Au–He dimers, the well depth of the MP4 potential
is much larger than the CCSDT one, and the energy differ-
ences have the same order of magnitude of the minimum
interaction energy. Consistently, the MP4 potentials are
shifted at shorter distances as compared to CCSDT ones, in
the measure of 0.2–0.6 Å depending on the system consid-
ered. It is straightforward to predict that the choice among
the MP4 and the CCSDT potentials would be determinant
in the theoretical simulation of Cu–Hen, Ag–Hen and
Au–Hen aggregates because the structural properties of these
systems are usually very sensitive even to subtle changes in
the interaction potentials.4 We registered an analogous per-
formance of the Møller–Plesset scheme in our previous in-
vestigation on the Mg–He complex,17 but this system pre-
sents much smaller differences between the MP4 and the
CCSDT approaches. In fact, the well depth of the MP4
potential for Mg–He—computed with a high quality basis
set—is larger by about 5 hartree than the CCSDT one,
which is about 20% of the minimum interaction energy. Con-
versely, in the M –He M =Cu,Ag,Au complexes this val-
ues range from about 20 Au, Ag to 50 hartree Cu, and
represent 25% Au, 40% Ag, and 60% Cu of the corre-
sponding minimum interaction energies. An important fea-
ture common to M –He complexes M =Mg,Cu,Ag,Au is
that CCSDT results are slightly more attractive and very
close to CCSDT ones see Table I for noble metal atoms,
and previous theoretical studies for Mg–He.17,42
The MP4 to CCSDT energy differences in the repul-
sive region of the potential i.e., at 3.00 Å are consistent
with the above description. The MP4 interaction potentials
are markedly less repulsive than the CCSDT ones, and the
differences range from about 50 Ag, Au to 200 hartree
Cu, to be compared with interaction energies of
1000–1500 hartree, and an overall correlation contribution
to the interaction energy of about 500 hartree. As happens
in the attractive region of the PES, the CCSDT data are
FIG. 1. Interaction energy of M –He complexes M =Cu,Ag,Au determined with different theoretical approaches see text for details. In all computations
we adopted the aug-cc-pVDZ basis set for all atoms, plus the 3s3p2d set of bond functions. The full lines are guides to the eyes.
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very close to the CCSDT ones, and the interaction energy
differences never exceed 1% of the interaction energy.
The different performances of the Møller–Plesset and the
CC approaches should not be attributed to the different treat-
ments of the spin contamination, a possible fallout when us-
ing UHF reference wave functions. In fact, we carried out a
limited set of computations for the three complexes at the
MP4 and the CCSDT levels of theory, adopting the Re-
stricted open shell Hartree–Fock ROHF solution instead of
the UHF one. In all M –He systems, and for all the internu-
clear distances considered, to remove the spin contamination
increases instead of decreasing the difference between the
MP4 and the CCSDT interaction potentials. More pre-
cisely, the CC interaction energies remain nearly unchanged,
with variations limited to 0.1 hartree in the attractive part
of the PES and lower than 0.5 hartree even in the repulsive
wall, where Eint is larger than 103 hartree. Conversely,
when the ROHF reference is adopted the MP4 potential be-
comes sensibly more attractive. In the attractive region of the
PES the differences in Eint range from about 1 to 4 hartree
depending on the distance and the metal atom considered,
and in the repulsive wall these values range from 5 to
10 hartree.
The CC theory represents the most accurate tool among
the practical ab initio methods43 and was proved to provide
correct results even when computing the interaction energies
of very weakly bound complexes.42 In a study on two sys-
tems quite similar to the ones investigated by us, the Ca–He
and the Mg–He dimers, Hinde42 showed that when CC com-
putations include single, double, and triple excitations, the
results have nearly the same quality of full configuration
interaction ones, which are by far more expensive computa-
tionally. On the basis of the above discussion we conclude
that the Møller–Plesset expansion performs quite poorly in
weakly bound complexes between helium and neutral metal
atoms, as compared to the CC method. In these systems the
CCSDT level is adequate for computing very accurate PES,
and it recovers about 98% of the correlation energy contri-
butions to the interaction energy as compared to the CCSDT
approach.
B. Basis sets
To select the appropriate basis set combination, we car-
ried out a series of total energy Møller–Plesset computations
at the MP4 level of theory. The choice of the method is based
on the assumption that it recovers properly the trend of the
correlation contributions to the interaction potential as the
size of the basis set increases even if the interaction energies
predicted are not very accurate. We selected a very limited
set of M –He internuclear distances, and we correlated just
the W2 set of electrons. We collected in Table II the esti-
mates of the minimum interaction energy, the corresponding
internuclear distance, and the distance where the PES be-
comes repulsive for all systems and basis sets considered.
These results come simply by square polynomial interpola-
tions of sets of three interaction energies see the caption of
Table II for details, and hence they are quite rough estimates
of the corresponding PES. However, let us remark that the
scope of the tests discussed in this section is not to compute
reliable interaction energies but just to determine the perfor-
mance of various basis sets combinations in recovering the
correlation contributions to the interaction energy in M –He
complexes.
Analogous to Sec. II A, we carried out a complete series
of tests on Ag–He, and repeated only the most significant
ones on Cu–He and Au–He. The analysis of the data col-
lected in Table II for the Ag–He complex provides very
simple rules concerning the basis set convergence.
1 The bond functions are very efficient in recovering in-
teraction energy. Adopting the medium-sized aug-cc-
pVTZ set for both metal and helium atoms, and no
bond functions for a total of 111 Gaussian functions,
we obtained a well depth of −42 hartree, quite far
from the value of about −54 hartree obtained with the
largest basis set adopted, from now on referred to as
best aug-cc-pV5Z for Ag, d-aug-cc-pV5Z for He,
3s3p2d bond functions, for a total of 324 Gaussian
functions. Significant deviations are observed also for
Rmin and RE=0, respectively, 0.1 and 0.3 Å larger than
the best values. The much smaller aug-cc-pVDZ set,
adopted for both M and He atoms, with the inclusion of
the 3s3p2d set of bond functions 85 Gaussian basis
functions, provides estimates of Emin, Rmin, and RE=0
much closer to the best values. Let us note also that the
aug-cc-pVTZ basis set, adopted for both atoms, plus
the 3s3p2d set of bond functions 133 total basis func-
tions, provides an interaction potential very close to
the one obtained with the best basis set. In fact, the
error in the estimate of the energy minimum reduces to
2 hartree, Rmin is larger by just 0.03 Å, and a some-
what larger error is found for RE=0, 3.76 Å to be com-
pared with the best value of 3.68 Å.
2 The diffuse functions are fundamental in the determi-
nation of the PES, and a set must be placed both on the
metal and on the helium atoms. In fact, let us consider
the various d-aug-cc-pVTZ combinations selected
for the Ag–He complex. Adopting the cc-pVTZ set for
both Ag and He 99 Gaussian, including the bond func-
tions gives a much worse description of the PES
Emin=−31.7 hartree as compared—for example—to
the smaller aug-cc-pVDZ basis set 85 basis functions,
Emin=−45.8 hartree. To place a set of diffuse func-
tions on just one atom produces significant improve-
ments in the estimates of Emin, Rmin, and RE=0, and the
performance improves further and significantly from a
quantitative point of view, when the diffuse functions
are adopted on both atoms. Conversely, to supplement
the aug-cc-pVnZ basis set for helium atom with a sec-
ond set of diffuse functions d-aug-cc-pVnZ sets gives
very small contribution to the interaction potential, and
the changes in the estimates of Emin and RE=0 are lim-
ited to about 0.5 hartree and 0.01 Å, while no no-
ticeable changes are observed on Rmin.
3 The interaction potential is nearly converged when
computed with the aug-cc-pVQZ basis set for Ag and
the d-aug-cc-pVQZ on He, plus the 3s3p2d set of bond
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functions 219 Gaussian functions. Further improve-
ments in the quality of the basis set, up to 324 basis
functions, produce very limited changes in the proper-
ties of the PES: Emin lowers by just 0.1 hartree, RE=0
decreases by 0.01 Å, and Rmin does not change at all.
From now on, this set will be referred to as converged.
4 The aug-cc-pVDZ set for both atoms plus the 3s3p2d
bond functions 85 Gaussian basis functions is the
smallest combination that provides an acceptable de-
scription of the interaction potential. In fact, this Gauss-
ian set recovers about 85% of the converged well
depth, and the errors on Rmin and RE=0 are about 0.1 and
0.2 Å, respectively, 2.5% and 5% overestimated as
compared to the best results.
We assumed that points 1 and 2 are valid also in the
Cu–He and the Au–He dimers, and we focused just on points
3 and 4. The Au–He complex behaves similar to the
Ag–He one. First, the potential obtained with the aug-cc-
pVQZ set for Au and the d-aug-cc-pVQZ set for He plus
bond functions is nearly identical to the one obtained with
the much larger aug-cc-pV5Z Au/d-aug-cc-pV5Z He one.
Second, the adoption of the aug-cc-pVDZ set for both atoms,
plus the 3s3p2d bond functions, provides a reasonable de-
scription of the interaction potential, and the estimate of Emin
is just 10% smaller as compared to the best data, while Rmin
and RE=0 are slightly overestimated about 1% and 5%, re-
spectively. The picture is slightly less favorable in the
Cu–He complex because the convergence rate of the PES at
increasing basis set size is somewhat less efficient. In fact,
the aug-cc-pVQZ Cu/d-aug-cc-pVQZ He/3s3p2d bond
functions interaction potential is about 1% less attractive
than the best one, while Rmin and RE=0 are already converged.
TABLE II. Properties of the ground state interaction potentials of M –He M =Cu,Ag,Au computed with
different basis sets. The data reported here correspond to MP4 computations with the W2 set of active electrons;
the 3s3p2d set of bond functions has been added to the atomic basis sets in all cases but one, reported in italic;
we adopted the counterpoise scheme to correct the interaction energy data for BSSE; the properties of the PES
have been estimated using just three points for each dimer: 3.50, 4.00 and 4.50 Å for Cu–He and Au–He, and
4.00, 4.50, and 5.00 for Ag–He, and hence equivalent entries presented both in Tables I and II might differ from
each other; energies in hartree; distances in Å.
M basis set He basis set Basis functionsa Emin b Rmin c RE=0 d
Ag–He
cc-pVTZ cc-pVTZ 99 −30.7 4.71 4.15
aug-cc-pVTZ cc-pVTZ 124 −39.7 4.64 3.95
cc-pVTZ aug-cc-pVTZ 108 −43.9 4.66 3.96
aug-cc-pVDZ aug-cc-pVDZ 85 −45.8 4.64 3.90
aug-cc-pVDZ d-aug-cc-pVDZ 89 −45.2 4.64 3.91
aug-cc-pVTZ aug-cc-pVTZ 111 −41.9 4.67 3.99
aug-cc-pVTZ aug-cc-pVTZ 133 −52.2 4.57 3.76
aug-cc-pVTZ d-aug-cc-pVTZ 142 −52.7 4.57 3.76
aug-cc-pVQZ aug-cc-pVQZ 203 −53.7 4.54 3.70
aug-cc-pVQZ d-aug-cc-pVQZ 219 −54.1 4.54 3.69
aug-cc-pV5Z aug-cc-pV5Z 299 −53.9 4.54 3.68
aug-cc-pV5Z d-aug-cc-pV5Z 324 −54.2 4.54 3.68
Cu–He
aug-cc-pVDZ aug-cc-pVDZ 85 −87.2 4.23 3.70
aug-cc-pVDZ d-aug-cc-pVDZ 89 −86.6 4.23 3.70
aug-cc-pVTZ aug-cc-pVTZ 133 −104.1 4.18 3.59
aug-cc-pVTZ d-aug-cc-pVTZ 142 −104.8 4.18 3.59
aug-cc-pVQZ aug-cc-pVQZ 203 −108.1 4.17 3.55
aug-cc-pVQZ d-aug-cc-pVQZ 219 −108.6 4.17 3.55
aug-cc-pV5Z aug-cc-pV5Z 299 −109.1 4.16 3.54
aug-cc-pV5Z d-aug-cc-pV5Z 324 −109.5 4.16 3.54
Au–He
aug-cc-pVDZ aug-cc-pVDZ 85 −85.7 4.19 3.64
aug-cc-pVDZ d-aug-cc-pVDZ 89 −84.2 4.19 3.64
aug-cc-pVTZ aug-cc-pVTZ 133 −93.2 4.17 3.56
aug-cc-pVTZ d-aug-cc-pVTZ 142 −93.8 4.17 3.56
aug-cc-pVQZ aug-cc-pVQZ 203 −95.3 4.15 3.52
aug-cc-pVQZ d-aug-cc-pVQZ 219 −95.8 4.15 3.52
aug-cc-pV5Z aug-cc-pV5Z 299 −95.5 4.15 3.51
aug-cc-pV5Z d-aug-cc-pV5Z 324 −95.9 4.15 3.51
aTotal number of basis functions 5d, 7f.
bMinimum interaction energy.
cInternuclear distance at the minimum interaction energy.
dInternuclear distance where the interaction energy equals zero.
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Furthermore, when the aug-cc-pVDZ basis set plus bond
functions is adopted, the well depth is underestimated by
20% as compared to the best values, with Rmin and RE=0
values overestimated by about 1%–5%.
In conclusion, the adoption of the aug-cc-pVQZ and the
d-aug-cc-pVQZ basis sets for the metal and the He atoms,
respectively, plus the 3s3p2d set of bond functions, ensures
that the interaction energies of Cu–He, Ag–He, and Au–He
dimers are nearly converged, with some minor discrepancy
in the lighter complex. Second, the aug-cc-pVDZ basis set
plus bond functions allows determining reasonable interac-
tion energies from 80% to 90% of the best values with the
smallest computational effort possible.
C. The determination of the PES
We defined a single computational procedure for the de-
termination of the ground state interaction potential of the
three intermolecular complexes under investigation. First, we
included in correlation calculations the W1 sets of electrons
in all systems because the W2 to W1 difference is small but
not negligible, and the increase in computational require-
ments not too heavy. Second, we performed only CC calcu-
lations because the performance of the Møller–Plesset ex-
pansion is not satisfactory in these systems. Third, the
complete interaction potentials have been computed at the
CCSDT level of theory, adopting the aug-cc-pVQZ basis
set for the metal atoms, the d-aug-cc-pVQZ one for He, and
placing the 3s3p2d set of bond functions midway along the
internuclear axis. Fourth, we determined the interaction en-
ergy of each complex at 30 internuclear distances, selected to
sample accurately the regions of the PES relevant to the
simulation of metal atoms in superfluid helium i.e., at very
cold temperatures: the attractive well and the portion of the
repulsive wall where the interaction energy is lower than or
comparable to the absolute value of Emin. We selected the
following set of distances for Cu–He and Ag–He: 3.00, 3.25,
and 3.50 Å highly repulsive wall; from 3.50 to 5.50 with
0.10 Å steps slightly repulsive wall and attractive well;
5.75, 6.00, 6.25, 6.50, 7.00, 8.00, and 10.00 Å long-range
attractive tail. In the case of Au–He we used a slightly dif-
ferent set because its PES is shifted toward shorter distances:
2.75 and 3.00 Å; from 3.10 to 5.00 with 0.10 Å steps, plus
5.25, 5.50, 5.75, 6.00, 6.50, 7.00, 8.00, and 10.00 Å.
We have shown in Sec. II B that the aug-cc-pVDZ basis
set adopted for both the metal and the He atoms, plus the
3s3p2d set of bond functions, gives a reasonable description
of the PES. In the Ag–He complex we determined the inter-
action energy with this basis set, at the CCSDT and the
CCSDT levels of theory, in the complete set of 30 internu-
clear distances. As reported in Fig. 2, the difference between
the two methods is small i.e., negligible as compared to the
total correlation energy along the entire PES and increases
very smoothly at decreasing internuclear distances. Moving
from the aug-cc-pVDZ basis set for both the metal and the
helium atoms to the converged set aug-cc-pVQZ for the
metal atom, d-aug-cc-pVQZ for helium, 3s3p2d bond func-
tions, the changes in correlation energy are limited to 10%
in the case of Ag–He, and hence we are confident that the
CCSDT to CCSDT energy differences computed with the
small basis set represent a reliable approximation of the con-
verged CCSDT values. In the other M –He complexes we
reduced to 9 Cu–He and to 10 Au–He the number of
internuclear distances considered for CCSDT computations,
and we adopted the small basis set described above. In fact,
the CCSDT to CCSDT difference function is extremely
smooth also in these complexes, as can be seen in Fig. 2, and
hence there is no need to sample this curve with a fine grid.
Most techniques to simulate dynamical processes require
a continuous representation of the system potential energy
surface. The analytical CCSDT interaction potentials for
FIG. 2. Interaction potentials of M –He complexes M =Cu,Ag,Au computed at the CCSDT and the CCSDT levels of theory, along with the curve of the
energy difference between the two methods. Interaction energies have been determined adopting the aug-cc-pVDZ basis set for all atoms, plus the 3s3p2d set
of bond functions. The CCSDT lines are guides to the eyes. The CCSDT-CCSDT lines represent the fitting of the CCSDT minus CCSDT interaction
energy difference, as described in Sec. II C.
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the M –He complexes M =Cu,Ag,Au have been obtained
by interpolation of the interaction energy values obtained at
the CCSDT level of theory with the converged basis set.
The analytical expression includes quintic splines smoothly
i.e., with a continuous first derivatives joined at 10.00 Å
with a polynomial term of the form C6 /RM–He
6 to describe the
long-range tail of the PES. To improve the quality of these
potentials, we fitted the CCSDT to CCSDT energy
differences—obtained with the smaller basis set—using the
simple analytical expression A exp−bRM–He−R0, where
A, b, and R0 are free parameters separately optimized for
each complex. As reported in Fig. 2, this functional form
proved adequate in the entire range of internuclear distances
spanned by the ab initio computations. The summation be-
tween the CCSDT potential and the analytical CCSDT to
CCSDT correction function generates a second set of PES
for the M –He dimers, in the following referred to as CCSDT
potentials. Although these PES do not come directly from
CCSDT computations adopting a converged basis set, based
on the discussion of the preceding paragraphs we are confi-
dent that the CCSDT interaction potentials closely reproduce
quantum mechanical CCSDT results.
III. RESULTS
A. Properties of the interaction potentials
A pictorial view of the analytical CCSDT and CCSDT
potentials for the three M –He complexes is reported in Fig.
3, and their main features are collected in Table III. First of
all, in all complexes the difference between the CCSSDT
and the CCSDT PES is noticeable only in the proximity of
the bottom of the attractive well. In fact, at distances larger
than Rmin the two curves are nearly indistinguishable, as
shown in Fig. 3, while at shorter distances the CCSDT to
CCSDT difference increases very smoothly, and hence it be-
comes negligible along the entire repulsive wall, as properly
summarized by the values of ER=3.00 reported in Table III.
Let us now compare the potentials of the three M –He
systems M =Cu,Ag,Au. When the atomic number of the
metal atom increases, the attractive well becomes deeper and
FIG. 3. Analytical CCSDT and CCSDT ground state interaction potentials for the M –He complexes M =Cu,Ag,Au. Empty circles: CCSDT energy
values computed with the converged basis set see text for details. Full circles: sum between the CCSDT energy values computed with the converged basis
set, and the CCSDT to CCSDT energy difference computed with the aug-cc-pVDZ basis set for all atoms, plus the 3s3p2d set of bond functions.
TABLE III. Properties of the analytical ground state potentials of the M –He complexes M =Cu,Ag,Au.
Energies in hartree; distances in Å.
System Potential Emin a Rmin b RE=0 c ER=3.00 d  e
Cu–He CCSDT −25.8 4.63 4.07 1101 2.7
Cu–He CCSDT −28.4 4.59 4.04 1082 2.9
Ag–He CCSDT −32.9 4.61 4.05 1324 3.4
Ag–He CCSDT −33.8 4.60 4.04 1314 3.5
Au–He CCSDT −67.5 4.10 3.61 887 6.2
Au–He CCSDT −69.6 4.09 3.60 876 6.4
aMinimum interaction energy.
bInternuclear distance at the minimum interaction energy.
cInternuclear distance where the interaction energy equals zero.
dInteraction energy at the M –He internuclear distance of 3.00 Å.
eDimensionless parameter designed to foresee the onset of the solvation process of an impurity in liquid helium,
see Ref. 44.
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shifted to shorter M –He internuclear distances. The same
shift is observed for the position of the repulsive wall. How-
ever, quantitatively the Cu–He and Ag–He PESs are quite
similar to each other, while Au–He is markedly different.
The well depth of Ag–He is about 30% larger than the
Cu–He one, with Emin=−32.9 and −33.8 hartree in Ag–He
at the CCSDT and CCSDT levels, to be compared with the
values of −25.8 and −28.4 hartree obtained for Cu–He. In
the Au–He potential, Emin is two times larger as compared to
the lighter complexes, with Emin=−67.5 and −69.6 hartree
in the CCSDT and CCSDT PES. Furthermore, the Cu–He
and the Ag–He potentials have the same values of Rmin and
RE=0, about 4.60 and 4.05 Å, while the PES of the Au–He
complex is shifted to shorter distances in the considerable
amount of about 0.5 Å Rmin=4.1 Å, RE=0=3.6 Å. Consid-
ering the similar values of Rmin and of RE=0 in Cu–He and
Ag–He, we believe that it would be intriguing to study com-
paratively Hen aggregates doped with these metal atoms, as a
possible way of disentangling the effect of the other
parameters—such as the well depth and its overall
curvature—on the structural properties of metal-seeded he-
lium nanodroplets.
Another important point is the validation of the very
simple model proposed by Ancilotto et al.44 to foresee the
solvation of impurities in Hen aggregates. These authors in-
troduced a dimensionless parameter defined as 
=2−1/6−1re, where  is the surface tension of liquid He, 
is the number density of bulk He,  and re are the minimum
interaction energy and the corresponding internuclear dis-
tance of the two-body M –He potential, respectively. An im-
purity M should be solvated by superfluid helium when  is
larger than 1.9, otherwise M resides at the surface of the
liquid. According to this model, copper, silver, and gold at-
oms should be solvated by helium because the corresponding
 values are well beyond the threshold value see Table III.
However, in the case of Cu–He,  falls within the same
range determined in the case of Mg–He, from 2.7 to 3.1
depending on the potential adopted,17,42 and we have shown
that the solvation process of magnesium presents quite un-
usual and ubiquitous features.17 The comparison between the
properties of Cu–Hen and Mg–Hen is a further reason of
interest in this system.
To the best of our knowledge, there are no theoretical
investigations on Cu–He and Au–He available in literature,
and hence there is no reference to compare the PES proposed
by us. Concerning Ag–He, a single research group conducted
two theoretical investigations on its ground and several ex-
cited states potentials, and these studies date back to about
10 years ago.10,11 In the first paper Persson et al.10 presented
MP4 computations on the UHF reference and proposed a
PES with Emin=−87 hartree at the internuclear distance of
4.3 Å, nearly three times more attractive than our potential,
and shifted at shorter distances by about 0.3 Å. In a second
investigation, Jakubek and Takami11 computed the potential
at UHF-MP2 level, obtaining for the PES the values of
Emin=−51.5 hartree at Rmin=4.42 Å. This potential is
about 50% more attractive than the CC PES determined by
us, and shifted at short distances by about 0.2 Å. These re-
sults are consistent with the general performance of the
Møller–Plesset expansion in comparison with the CC method
when applied to complexes between neutral metal atoms and
helium. The PES proposed by Jakubek and Takami11 has
been adopted in the quantum mechanical simulations of
Ag–Hen aggregates performed in recent years.13,14 The large
differences with respect to CC results suggest that repeating
these simulations using the PES proposed by us might prove
useful.
B. Rovibrational structure
The main properties of the rovibrational eigenstates of
the M –He complexes M =Cu,Ag,Au in the electronic
ground state are collected in Table IV, and the radial part of
the corresponding wave functions are reported in Fig. 4. The
rovibrational structure of all complexes is very simple and
can be described in terms of the well-defined quantum num-
bers n the number of nodes of the radial part of the wave
function and J the rotational angular momentum. The rovi-
brational eigenstates have been computed using the Numerov
algorithm as described by Cooley,45 with an integration in-
terval running from 0.0 to 50.0 Å, and adopting a step size
of 0.01 Å. The accuracy of the results obtained with the
CCSDT potentials has been double-checked with the grid
method proposed by Tobin and Hinze,46 adopting the same
integration interval and step size. Calculations conducted
with different integration intervals, step sizes, and algorithms
ensure that the convergence on eigenvalues is well below
0.1 hartree.
We considered the two natural isotopes of copper 63Cu
and 65Cu and the two natural isotopes of silver 107Ag and
109Ag, the single one for gold 197Au, and the heavier iso-
tope of helium 4He. The metal atoms are much heavier
than helium, and hence the reduced mass of M –He complex
is very close to that of 4He in all M –He complexes. This
means that the changes in rovibrational structures observed
for different M –He complexes are essentially due to the dif-
ferent features of the interaction potential. In fact, in the case
of Cu–He, the change in the isotopic mass of copper has a
very small effect on the properties of some eigenstates, with
energy differences limited to 0.1 hartree, and 0.01 Å on
the expectation value of the M –He internuclear distance R.
In the case of Ag–He, the increase in the isotopic mass of the
silver atom has a negligible effect on the energy of all the
eigenstates and reduces just by 0.01 Å the average Ag–He
distance in the two states with larger angular momentum
J=2,3.
For any given M –He complex M =Cu,Ag,Au, the
CCSDT and the CCSDT potentials support the same num-
ber of bound states. As expected, the eigenstates obtained
with the CCSDT potentials are shifted at lower i.e., larger
and negative energies as compared to CCSDT values. The
shifts in the eigenvalues are limited to about 1 hartree in
Cu–He and Au–He, and they are even smaller in Ag–He
about 0.5 hartree. Consistently, the probability distribu-
tions of the wave functions computed with the CCSDT po-
tential are more concentrated at shorter M –He internuclear
distances as compared to the corresponding CCSDT re-
sults. This effect produces relevant changes in R in Cu–He,
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from 0.2 to 0.5 Å, while in Ag–He and Au–He these varia-
tions are relevant only in the states with higher angular mo-
mentum.
The Cu–He potentials support three bound states, includ-
ing two rotational and no vibrational excitations. The Cu–He
distance undergoes large excursions during the vibrations in
the complex, as appears clear in Fig. 4. In fact, the computed
average Cu–He distance is much larger than the minimum of
the PES, and R−Rmin measures 1.8–2.6 Å depending on
the state considered.
The Ag–He potentials support four bound states with just
three rotational excitations. The wave functions are some-
what more localized around Rmin, with R−Rmin values com-
parable to the case of copper from 1.4 to 2.2 Å.
The CCSDT and CCSDT potentials for Au–He are
markedly deeper than Cu–He and Ag–He ones. As a result,
these PES support five rotational excitations and also one
vibrational excited state. The eigenstates with vibrational ei-
genvalue n=0 are much more localized around Rmin than
observed in the other complexes, and the R−Rmin differ-
ence increases from 0.8 to 1.4 Å as the rotational angular
momentum goes from J=0 to J=5. Conversely, the wave
functions of the n=1, J=0 states are delocalized over a
wide range of internuclear distances, including values much
larger than we considered in ab initio computations. We did
not report the computed R values in Table IV because they
are critically dependent on very subtle features of the long-
range tail of the Au–He interaction potential, and their accu-
rate determination is not the main scope of the present inves-
tigation.
IV. CONCLUSIONS
In this work we presented an ab initio investigation of
the ground state potential of three weakly interacting com-
plexes: Cu–He, Ag–He, and Au–He. To the best of our
TABLE IV. Rovibrational bound states of the M –He complexes M =Cu,Ag,Au. We report the properties of
the heavier M –He isotopes only when they differ from the ones obtained for M-He; energies in hartree;
distances in Å.
Systems Potential n a J b E c R d
63Cu– 4He 65Cu– 4He CCSDT 0 0 −5.6 6.46
0 1 −4.3 6.63 6.62
0 2 −1.8 −1.9 7.20 7.19
63Cu– 4He 65Cu– 4He CCSDT 0 0 −6.8 6.24 6.23
0 1 −5.4 −5.5 6.36
0 2 −2.8 −2.9 6.74 6.73
107Ag– 4He 109Ag– 4He CCSDT 0 0 −9.3 6.00
0 1 −7.9 6.07
0 2 −5.2 6.27 6.26
0 3 −1.4 6.83 6.82
107Ag– 4He 109Ag– 4He CCSDT 0 0 −9.8 5.94
0 1 −8.4 6.01
0 2 −5.7 6.19
0 3 −1.8 6.67 6.66
197Au– 4He CCSDT 0 0 −26.7 4.90
0 1 −24.9 4.92
0 2 −21.2 4.97
0 3 −15.7 5.05
0 4 −8.7 5.18
0 5 −0.2 5.48
1 0 −0.1 10 e
197Au– 4He CCSDT 0 0 −28.0 4.87
0 1 −26.1 4.89
0 2 −22.4 4.93
0 3 −16.9 5.01
0 4 −9.7 5.13
0 5 −1.1 5.42
1 0 −0.1 10 e
aVibrational quantum number.
bRotational angular momentum.
cEnergy of the eigenstate.
dExpectation value for the M –He internuclear distance.
eSee text for details.
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knowledge, there are no previous theoretical investigations
on Cu–He and Au–He available in literature, and the earlier
studies concerning Ag–He are based on a theoretical ap-
proach that does not provide very accurate results for this
system.
We performed an extensive series of test computations to
establish the computational approach, the theoretical level,
and the basis set required to reach a high degree of accuracy
in the determination of the interaction energy. First of all, it
is necessary to include in correlated calculations at least the
electrons of the outermost s, p, and d shells of the metal
atom, along with the 1s2 electrons of helium. Second, the
performance of the Møller–Plesset expansion at the MP4
level is quite poor on these systems. The MP4 method over-
estimates significantly the attractive well of the PES, and it
underestimates the interaction energy in the region of the
repulsive wall. On the other hand, the CCSDT level is very
close to benchmark CCSDT results in a wide range of M –He
distances. The CCSDT to CCSDT difference is limited to
1–2 hartree in the attractive region of the PES, and in-
creases very smoothly at decreasing M –He distances. Third,
the interaction energy of the M –He systems in nearly con-
verged when the following basis set is adopted: aug-cc-
pVQZ for the metal atom, d-aug-cc-pVQZ for helium, plus
the 3s3p2d set of bond functions placed at midway between
M and He.
We computed the interaction energy of M –He com-
plexes M =Cu,Ag,Au at the CCSDT level, adopting the
cited basis set and including in correlated calculations the 1s2
for helium and the n−1s2n−1p6n−1d10ns1 electrons for
the metal atoms, with n=4, 5, and 6 for Cu, Ag and Au,
respectively. The UHF approach has been used to obtain the
reference wave function, and the core electrons have been
described with relativistic small core pseudopotentials:
Ne-PP 3s23p63d104s1 for copper; Ar3d10-PP
4s24p64d105s1 for silver; and Kr4d104f14-PP
5s25p65d106s1 for gold. For each complex we considered 30
internuclear distances to finely sample the attractive region
of the potential and to get some information on the repulsive
wall and the long-range tail. These results have been inter-
polated with quintic splines and define the analytical expres-
sion for the CCSDT interaction potentials.
We also computed the CCSDT and the CCSDT inter-
action energies in a limited set of internuclear distances,
adopting the same theoretical scheme described above, and
using a smaller basis set that recovers about 85% of the
converged minimum interaction energy. The energy differ-
ences have been fitted on an exponential function to define
an analytical CCSDT to CCSDT correction term for each
M –He complex. The summation of these correction func-
tions to the CCSDT PES defined the set of CCSDT inter-
action potentials.
The PES of Cu–He and Ag–He present the same features
at varying M –He distance. The energy minimum is located
at about 4.60 Å in both systems, and the PES becomes re-
pulsive from 4.05 Å inward. The well depth of Ag–He mea-
sures 33 and 34 hartree in the CCSDT and CCSDT po-
tentials, respectively, and it is somewhat larger than found
for the Cu–He complex, about 25 hartree at CCSDT
level and 28 hartree considering the CCSDT PES. The
Au–He interaction potential is much more attractive, about
70 hartree, and shifted to shorter distances, with the mini-
mum located at 4.1 Å and the repulsive wall starting at
3.6 Å.
As a first application of the two-body interaction poten-
tials computed for Cu–He, Ag–He, and Au–He, we deter-
mined the rovibrational structure of the M –He dimers. In
Cu–He and Ag–He the radial part of the ground state nuclear
wave function is delocalized over several angstroms, and the
expectation value of the internuclear distance R is nearly
FIG. 4. CCSDT analytical ground state PES for the M –He complexes M =Cu,Ag,Au, along with the radial part of the rovibrational nuclear wave
functions. Each wave function is shifted at the corresponding eigenvalue. The empty circles are located at the expectation value of the M –He internuclear
distance. All the wave functions reported are normalized to the same arbitrary value. The scale on the ordinates axis is referred to the interaction potentials
hartree.
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2 Å larger than the position of the minimum of the well
depth Rmin. The Cu–He and the Ag–He potentials support
two and three rotational excitations, respectively, and no vi-
brational excited states. The ground state nuclear wave func-
tion of Au–He is much more localized than for Cu–He and
Ag–He, and R is just 1 Å larger than Rmin. The Au–He
PES supports rotational excitations up to J=5 and also the
vibrational excited n=1, J=0 state.
Further investigations on these systems are currently un-
der way in our laboratories, including Monte Carlo simula-
tions on M–Hen aggregates M =Cu,Ag,Au and ab initio
computations of the M –He interaction potentials for the first
excited states, to reproduce the results of spectroscopic ex-
periments.
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